The Myc\Max\Mad transcription factor network plays a central role in the control of cellular proliferation, differentiation and apoptosis. In order to elucidate the biological function of Mad3, we have analysed the precise temporal patterns of Mad3 mRNA expression during the cell cycle and differentiation in cultured cells. We show that Mad3 is induced at the G1\S transition in proliferating cells ; expression persists throughout S-phase, and then declines as cells pass through G2 and mitosis. The expression pattern of Mad3 is coincident with that of Cdc2 throughout the cell cycle. In contrast, the expression of Mad3 during dif-
INTRODUCTION
The Myc\Max\Mad transcription factor network plays a central role in the control of cellular proliferation, differentiation and apoptosis (reviewed in [1, 2] ). Myc family proteins accelerate cellcycle progression in diverse settings in cultured cells, and also play a role in initiating apoptosis under specific conditions (reviewed in [3] ). Myc is generally expressed in proliferating cells and decreases during differentiation ; enforced expression of Myc inhibits the differentiation of several cultured cell lines (for example, [4, 5] ; reviewed in [6] ). Overexpression of Myc also leads to the transformation of various cultured cells, and aberrant Myc expression is associated with many human tumours (reviewed in [7, 8] ). The biological activities of Myc are thought to be antagonised by the Mad family proteins (Mad1, Mxi1, Mad3 and Mad4) in i o [9] [10] [11] ; Mad proteins generally inhibit cellular proliferation and oppose the transforming activity of Myc in cultured cells [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Myc and Mad are highly unstable basic helix-loop-helixleucine zipper proteins that function via heterodimerization with the stable, ubiquitously expressed basic helix-loop-helix-leucine zipper partner, Max [22, 23] . Myc-Max and Mad-Max heterodimers specifically bind CACGTG and related E-box sequences in itro [24] ; in addition, Myc-Max also recognises noncanonical sites [25] . Myc-Max heterodimers activate transcription from reporter genes containing the sequence CACGTG in yeast and in transiently transfected mammalian cells [26, 27] . In contrast, Mad-Max represses transcription and opposes the transcriptional activation function of Myc in these assays [9] [10] [11] . Transcriptional activation by Myc is mediated by distinct regions in the N-terminal portion of the protein [26, 28] . These sequences mediate contacts with components of the basal transcription apparatus, and importantly are also involved in the recruitment of histone acetyl transferase and chromatin remodelling activities [29] [30] [31] [32] . The transcriptional repression function of Mad-Max is mediated via the N-terminal domain of Mad, which interacts with an mSin3 multi-protein complex that contains histone Abbreviations used : MEL cells, mouse erythroleukemia cells. 1 To whom correspondence should be addressed (e-mail s.c.wright!leeds.ac.uk).
ferentiation of cultured mouse erythroleukemia cells shows two transient peaks of induction. The first of these occurs at the onset of differentiation, and does not correlate with the S-phase of the cell cycle, whereas the second is coincident with the S-phase burst that precedes the terminal stages of differentiation. Our results therefore suggest that Mad3 serves a cell-cycle-related function in both proliferating and differentiating cells, and that it may also have a distinct role at various stages of differentiation.
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deacetylase activity [33] [34] [35] [36] [37] [38] . It has therefore been suggested that the transcriptional regulation of target genes by Myc-Max and Mad-Max is mediated via alterations in the acetylation of histones, although this simplistic model has recently been partially challenged [39] . Target genes that are transcriptionally regulated by Myc have been identified by a variety of approaches ; these genes function in diverse biological processes such as cell growth, the cell cycle, apoptosis, signalling and adhesion (reviewed in [40] [41] [42] ; see also [43, 44] ). Few target genes for the Mad family proteins have so far been identified [44, 45] ; consequently, it is not known to what extent the physiological target genes for Myc-Max and Mad-Max overlap.
The precise physiological functions of the different Mad family proteins remain to be elucidated. Mad1 is generally induced during differentiation, and has been shown to inhibit both cellular proliferation and apoptosis (for example, [46] [47] [48] [49] ). Targeted deletion of Mad1 in mice has indicated a role in cell-cycle exit during myeloid differentiation [50] . Mxi1 is also often induced during differentiation, although in certain conditions it is expressed in proliferating cells [11, 47, 49] . Targeted deletion of Mxi1 generated a more severe phenotype, resulting in hyperplasia in several tissues [51] . In addition, Mxi1 deficient mice showed an increased susceptibility to tumour formation when crossed with mice with a targeted deletion of Ink4a. In contrast to Mad1 and Mxi1, Mad3 is expressed in both the proliferating and differentiating compartments in developing mouse embryos and adult tissues [49] . The expression of Mad3 correlated with regions of bromodeoxyuridine incorporation in the neural progenitors of developing mouse embryos, suggesting that Mad3 is expressed during the S-phase in these cells ; it was suggested that Mad3 expression is closely linked to cell-cycle exit and is restricted to the last S-phase prior to terminal differentiation [52] . Targeted deletion of Mad3 in mice resulted in an increased sensitivity of neural progenitors and thymocytes to cell death upon γ-irradiation [52] , but no defects in cell-cycle exit were observed.
In order to gain insight into the biological function of Mad3, we have analysed the precise temporal patterns of Mad3 ex- pression during the cell cycle and differentiation in cultured cells. In conjunction with flow cytometric analysis and DNA synthesis assays, we show the Mad3 is induced during the S-phase of the cell cycle in proliferating fibroblasts and epithelial cells in culture. By analysing the expression of several cell-cycle-regulated genes, we show that the induction of Mad3 is coincident with that of Cdc2. In contrast, the expression of Mad3 during differentiation of cultured mouse erythroleukemia (MEL) cells showed two transient peaks of induction. The first of these occurred at the onset of differentiation and did not correlate with the S-phase of the cell cycle, whereas the second was coincident with the S-phase burst that preceded the terminal stages of differentiation. Our results therefore suggest that the expression of Mad3 is tightly linked to the S-phase of the cell cycle during proliferation and during the S-phase burst that immediately precedes terminal differentiation ; the induction of Mad3 that occurs at the onset of MEL differentiation is, however, clearly dissociated from cellcycle regulation.
EXPERIMENTAL Cell culture
Balb\c 3T3 fibroblasts, C7 3T3 fibroblasts, HeLa cells and MEL cells (line F412-B2) were cultured in MEMα medium supplemented with 10 % calf serum. Balb\c 3T3 and C7 3T3 cells were made quiescent by culturing them for 28 h in serum-free medium at a density of 2i10' cells\10-cm-diameter dish. Cells were induced to re-enter the cell cycle by the addition of calf serum to 10 %. Balb\c 3T3 and HeLa cells were arrested at metaphase by treatment with nocodazole. HeLa cells were treated with 0.2 µg\ml nocodazole for 20 h ; mitotic cells were then ' shaken off ' and re-plated in nocodazole-free medium in order to release the block. Balb\c 3T3 cells were firstly made quiescent and were stimulated to re-enter the cell cycle as above ; 12 h after serum addition, they were treated with 0.2 µg\ml nocodazole for 12-14 h. MEL cells were induced to differentiate by the addition of DMSO to 2 %.
RNA preparation and ribonuclease-protection analysis
Total cellular RNA was isolated by the guanidinium isothiocyanate method [53] . RNA was analysed by hybridization to uniformly labelled probes as described previously [54] . Hybridization reactions contained 5 µg of RNA and were carried out at 50 mC. Markers were end-labelled MspI fragments of the plasmid pBR322. Plasmid constructs used for the generation of riboprobes comprised the following sequences cloned into pSP72 (Promega Biotech) : mouse Mad3 cDNA, nt j290 to j621 ; mouse Max cDNA, nt j1 to j484 (see Figures 1 and 2) or nt j333 to j483 (see Figure 3) ; mouse cyclin E2 cDNA nt j1 to j171 ; mouse Cdc2 cDNA, nt j775 to j915 ; human MAD3 cDNA, nt j1 to j221 ; human MAX cDNA, nt k28 to j509 ; mouse α5-tubulin cDNA, nt j63 to j187 ; mouse c-Myc genomic DNA, nt j17 to j238 (cDNA sequences are relative to a designation of j1 for the ATG translation initiation codon ; mouse Myc genomic sequences are relative to a designation of j1 for the site of transcriptional initiation at the P1 promoter). Sizes of ribonuclease protected fragments were : mouse Mad3, 331 nt ; mouse Max, 483 nt or 150 nt ; mouse cyclin E2, 170 nt ; mouse Cdc2, 140 nt ; mouse c-Myc, 221 nt ; mouse α5-tubulin, 124 nt ; human MAD3, 220 nt ; human MAX, 537 nt and 446 nt. The human MAX probe detected both MAX (537 nt) and a splice variant (446 nt). 
Figure 3 Expression of Mad3 during DMSO-induced differentiation of MEL cells

Flow-cytometric analysis
3i10' cells were rinsed with PBS and fixed by incubation in 2 ml of ice-cold 70 % ethanol at 4 mC for 30 min. Cells were pelleted, re-suspended in 400 µl of PBS, and treated with 1 mg\ml RNase A (heat-treated) for 10 min at room temperature (25 mC). Propidium iodide was added to a concentration of 50 µg\ml, and the sample was analysed using a FACSCalibur flow cytometer (Becton Dickinson). Cell-cycle profiles were calculated using the CELLQUEST and MODFIT software. For each plot shown, the y-axis represents cell number, and the x-axis represents propidium iodide (DNA) content.
RESULTS AND DISCUSSION
Expression of Mad3 is induced during the S-phase of the cell cycle
During a preliminary analysis of Mad3 expression patterns, we showed that Mad3 mRNA is readily detectable in all the proliferating cultured cell lines analysed. Since the expression of Mad family genes has generally been associated with differentiating as opposed to proliferating cells in culture, we wished to determine whether Mad3 expression was restricted to a specific phase of the cell cycle. We initially studied Mad3 expression throughout the cell cycle in two mouse fibroblast cell lines that show good synchronization following re-entry into the cell cycle from G0. Balb\c 3T3 and C7 3T3 cells were synchronized in G0 by serum deprivation for 28 h, and then induced to re-enter the cell cycle by the addition of serum to 10 %. Expression of Mad3 and Max RNA throughout the cell cycle was measured by ribonuclease-protection analysis. Expression of a cell-cycle-regulated gene, cyclin E2, was also measured in order to monitor progress through the cell cycle. Expression of Mad3 was very low in serum-starved quiescent cells, and was induced at approx. 16-20 h following serum addition. The expression of Max showed a modest induction within a few hours of serum addition, and thereafter remained constant throughout the cell cycle ; this was in agreement with previous results [55] and thus served as a control for fluctuations in Mad3 at later stages in the cell cycle. The cyclin E2 gene was induced at approx. 8 h (Figures 1A and  1B) . In order to precisely determine the stage of the cell cycle at which Mad3 was induced, S-phase entry was monitored by assaying DNA synthesis throughout the time course ( Figure  1D ). The timing of Mad3 induction correlated with entry into the S-phase of the cell cycle in both C7 and Balb\c 3T3 fibroblasts ; the cyclin E2 gene was induced at mid-G1 as expected. Expression of Mad3 persisted throughout the S-phase, and then declined as cells progressed through G2 and mitosis ; thereafter, the cells tended to lose synchrony. In order to pinpoint the timing of Mad3 induction more precisely, we also measured the expression of Cdc2 during the cell-cycle time course. The induction of Cdc2 is known to occur at the G1\S transition, with expression then persisting throughout the S-phase of the cell cycle [56] . The temporal induction of Mad3 closely coincided with that of Cdc2 at the G1\S-phase transition, with the expression of both genes persisting throughout S-phase and then declining at the G2\M transition ( Figure  1C) .
The induction of Mad3 in the S-phase of the cell cycle in serum-stimulated cells may represent genuine cell-cycle regulation ; it was, however, possible that it reflected a serum effect or occurred only upon re-entry into the cell cycle from G0. We therefore analysed also Mad3 expression in a sychronized population of cells that had been arrested in metaphase by treatment with nocodazole. Balb\c 3T3 cells were treated with nocodazole ; cells arrested in mitosis were ' shaken off ' and replated in the absence of drug. Following replating, the cells progressed synchronously through the cell cycle as monitored by flow-cytometric analysis and cyclin E2 gene expression (Figures 2A and 2B ). As expected, cyclin E2 was induced at the mid-G1 phase of the cell cycle. Mad3 expression correlated with the S-phase of the cell cycle ; these results were therefore in agreement with the expression pattern observed in serum-stimulated cells. As a further control, we also measured Mad3 expression throughout the cell cycle in the epithelial HeLa cell line following release from a nocodazole block ( Figures 2C and 2D) . In HeLa cells, there was some residual Mad3 expression in the metaphasearrested cells ; this declined as the cells progressed through G1, and Mad3 was then induced at the onset of S-phase.
Expression of Mad3 during differentiation of MEL cells
The expression of the Mad family genes during differentiation has been well documented in several systems. Different Mad family genes are generally expressed sequentially during the switch from proliferation to differentiation, and it has been suggested that Mad3 is expressed in the proliferating compartment prior to differentiation. Mad3 is the first member of the Mad family gene to be induced during the neuronal differentiation of P19 cells, with induction occurring about two days after inducer addition [49] . During the differentiation of 3T3-L1 cells into adipocytes, the induction of Mad3 appeared to coincide with the S-phase burst that preceded the onset of the terminal differentiation stages [57] . The expression of Mad3 at early time points during differentiation was not, however, analysed in these previous studies. In order to analyse precisely the relationship between Mad3 expression and the cell cycle during differentiation, we determined the temporal pattern of Mad3 expression during the well-defined programme of erythroid differentiation in cultured MEL cells. MEL cells are arrested at the pro-erythroblast stage of differentiation ; when cultured with various chemicals, such as DMSO, they undergo a programme of erythroid differentiation that has many similarities to that observed in i o (reviewed in [58] [59] [60] ). The cell-cycle distribution of MEL cells during differentiation has been well characterized. Upon treatment with inducer, the G1-phase becomes prolonged and there is a transient block in the initiation of DNA synthesis ; the S-phase population is lowest around 25 h after the addition of inducer [61] . This is followed by an S-phase burst that occurs around 48 h after addition of inducer ; the S-phase population then declines as the cells proceed through the terminal stages of differentiation. Myc levels have been shown to undergo a biphasic expression pattern during DMSO-induced differentiation : Myc initially declines immediately upon addition of inducer, rises around 24 h, and then declines again during the terminal differentiation stages [62, 63] . We therefore measured levels of Mad3, Max and c-Myc RNA during this well-defined differentiation programme. The cell-cycle distribution throughout the differentiation time course was monitored by flow cytometry. Mad3 mRNA showed a 3-10-fold increase at 4 h following the induction of differentiation ; levels then declined at 24 h and rose again at 48 h before decreasing to pre-induction levels ( Figure 3A) . The expression of α5-tubulin RNA was unchanged during the differentiation time course and thus served as a control for fluctuations in Mad3 ( Figure 3A) . The cell-cycle distribution and Myc expression pattern during differentiation ( Figures 3A and 3C ) were in agreement with previous results [61] [62] [63] . The second peak of Mad3 expression (at 48 h) correlated with the S-phase burst that preceded terminal differentiation. In contrast, the induction of Mad3 that occurred within a few hours of inducer addition took place at a time when the population of cells in S-phase was declining. Since we have shown that Mad3 and Cdc2 are coordinately expressed during the cell cycle, we also analysed Cdc2 expression during MEL differentiation ( Figure 3B ). Cdc2 expression declined at approx. 10 h after the addition of the inducer and reached a minimum at 24 h ; levels then increased at 48 h before declining during terminal differentiation. Cdc2 expression was thus closely correlated with the S-phase population throughout the differentiation time course. Cdc2 and Mad3 were therefore co-ordinately regulated during the S-phase burst that preceded terminal differentiation, but were clearly dissociated during the early stages of differentiation.
CONCLUSION
We have shown that Mad3 is specifically expressed in the S-phase of the cell cycle in both proliferating cells and in the S-phase burst that precedes the onset of terminal differentiation. This expression pattern suggests that Mad3 most likely has a function in normal cellular proliferation, in addition to its previously suggested role in cell-cycle exit during differentiation. The induction of Mad3 that occurred at the onset of MEL cell differentiation did not correlate with the S-phase of the cell cycle, indicating that Mad3 may play a distinct role at this stage. No transcriptional targets of Mad3 have thus far been identified ; given that the expression pattern of Mad3 is strikingly distinct from that of the other Mad family members, it is likely that the different Mad genes regulate target genes that serve different biological functions. It will be of particular interest to determine whether those genes that are regulated by Mad3 during the Sphase in proliferating cells are identical with those that are regulated at various stages of differentiation.
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